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Abstract

Glioblastoma is an aggressive brain tumor characterized by
an abnormal blood vasculature that is hyperpermeable. Here,
we report a novel role for CD93 in regulating angiogenesis in
this setting by modulating cell-cell and cell-matrix adhesion of
endothelial cells. Tissue microarray analysis demonstrated that
vascular expression of CD93 was correlated with poor survival
in a clinical cohort of patients with high-grade astrocytic
glioma. Similarly, intracranial growth in the GL261 mouse
model of glioma was delayed significantly in CD93~/~ hosts,
resulting in improved survival compared with wild-type mice.
This effect was associated with increased vascular permeability
and decreased vascular perfusion of tumors, indicating reduced

Introduction

Glioblastomas are highly malignant brain tumors that are
characterized by nuclear atypia, high proliferative index, necro-
sis, endothelial proliferation and pleomorphic, abnormal ves-
sels (1, 2). The tumor vessels are malfunctioning and hyper-
permeable, aggravating the condition by giving rise to brain
edema (3). Therefore, combining conventional cancer therapy
with specific targeting of the abnormal tumor vessels represents
an attractive approach for treatment of patients with glioma.
Antiangiogenic therapy neutralizing VEGF or its receptor
VEGFR2 improves survival in animal models of glioma and is
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vessel functionality in the absence of CD93. RNAi-mediated
attenuation of CD93 in endothelial cells diminished VEGF-
induced tube formation in a three-dimensional collagen gel.
CD93 was required for efficient endothelial cell migration and
proper cell polarization in vitro. Further, in endothelial cells
where CD93 was attenuated, decreased cell spreading led to a
severe reduction in cell adhesion, a lack of proper cell contacts,
a loss of VE-cadherin, and aberrant actin stress fiber formation.
Our results identify CD93 as a key regulator of glioma angio-
genesis and vascular function, acting via cytoskeletal rearrange-
ments required for cell-cell and cell-matrix adhesion. Cancer Res;
75(21); 4504-16. ©2015 AACR.

in clinical use as a second-line treatment for glioblastoma
(4, 5). Still, therapies targeting the VEGF/VEGFR2 pathway
have not resulted in prolongation of overall survival of patients
with glioblastoma, despite a significant improvement in pro-
gression-free survival. Resistance mechanisms leading to upre-
gulation of other proangiogenic factors or toxicities arising due
to the important role of VEGF/VEGFR2 signaling in normal
physiology may contribute to these disappointing results. An
alternative strategy is to exploit the heterogeneity of gene
expression in tumor endothelial cells as compared with normal
endothelial cells, and target molecules specifically expressed in
the tumor vasculature that contribute to angiogenesis and
vascular malformation in glioblastoma (6-9).

Through laser capture microdissection followed by microarray
analysis of gene expression, we have recently characterized the
transcriptome of blood vessels in human glioblastoma, low-grade
glioma, and control brain tissue. We identified 95 genes that are
specifically expressed in glioblastoma vasculature, including the
single-pass transmembrane glycoprotein CD93 (7). CD93 con-
sists of an extracellular part with a C-type lectin-like domain
(CTLD), five tandem EGF-like repeats, a serine-threonine-rich
mucin-like domain, a transmembrane domain, and a short cyto-
plasmic domain (10). It is prominently expressed in endothelial
cells and some hematopoietic subsets, and can be shed and
released in a soluble form (sCD93) upon inflammatory stimuli
(11, 12). CD93~/~ mice have no reported vascular defects and are
born at normal mendelian ratios, but show defects in clearance of
apoptotic cells and a slightly decreased maintenance of antibody
secretion (13, 14).
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Arecent study has identified CD93 as one of the top 20 genes of
a core human primary tumor angiogenesis signature highly
expressed in head and neck squamous cell carcinomas, breast
cancers, and clear cell renal cell carcinomas (15). Consistent with a
role for CD93 in angiogenesis, a recombinant protein containing
the EGF-like domain and the serine-threonine-rich mucin-like
domain of CD93 has been demonstrated to have proangiogenic
properties, but the effects were moderate and less evident in total
sCD93 where the CTLD is included (16). Moreover, an antibody
recognizing the extracellular domain of CD93 is able to inhibit
proliferation, migration, and sprouting of human endothelial
cells (17). Although the main site of CD93 expression is the
vascular endothelium, apart from the above-mentioned studies,
its role in vascular biology and function has not been investigated.

To understand the role of CD93 in glioblastoma vessels and its
effect on tumor growth, we investigated CD93 function in tumor
angiogenesis and endothelial cell biology. Interestingly, we
observed prolonged survival of CD93 /™ mice bearing orthotopic
GL261 gliomas as compared with wild-type mice, associated with
decreased tumor vessel perfusion and enhanced leakage in
CD937/~ mice. Consistent with a role of CD93 in orchestrating
angiogenesis, we found that knockdown of CD93 inhibits tube
formation, adhesion, and migration of endothelial cells in vitro
due to defects in cytoskeletal rearrangement and loss of endothe-
lial adherence junctions. Importantly, high CD93 expression in
tumor vessels was significantly correlated with shorter survival
in a clinical cohort of patients with grade III-IV astrocytic gliomas.
Together, our data imply that CD93 is a key regulator of glioma
angiogenesis and vascular function through the control of cell-
cell and cell-matrix adhesion.

Materials and Methods

Tissue microarray and image analysis

Vascular expression of CD93 was analyzed in tissue microarrays
containing duplicate tissue cores per sample (1 mm diameter) of
235 biopsies of human low-grade (WHO grade IT) and high-grade
(WHO grades III and IV) gliomas of various histologic subtypes,
and nonmalignant brain tissue (gliosis and normal gray and white
matter) used as controls (Supplementary Table S1). Human tissue
was obtained in a manner compliant with the Declaration of
Helsinki. The Ethics Review Board in Uppsala approved the use of
human samples and participation of patients occurred after
informed consent.

Immunohistochemical staining was performed as described
(18) using a rabbit antibody to CD93 (HPA009300; Atlas Anti-
bodies) and 3'3'-diaminobenzidine as substrate. The frequency of
positively stained vessels was scored in a blinded fashion on a
scale from 0 to 2 (0 = no vessels stained, 1 = minority of vessels
stained, 2 = majority of vessels stained).

Tumor cell and primary endothelial cell and pericytes culture

T241 fibrosarcoma, B16.F10 melanoma (American Type Cul-
ture Collection via LGC Standards), and GL261 glioma cells
(kind gift from Dr. Geza Safrany, NRIRR) engineered to express
luciferase in house (L. Zhang and A. Dimberg; unpublished data)
were cultured on 10-cm culture dishes in DMEM (Life Techno-
logies) supplemented with 10% FCS (Sigma-Aldrich) at 37°C
and 5% CO,/95% air in a humidified chamber.

Human Dermal Microvascular Endothelial Cells (HDMEC; 3H
Biomedical; PromoCell) were cultured up to passage 15 on
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gelatin-coated culture dishes in Endothelial Cell Basal Medium
with full supplements (EBM-MV2; PromoCell) at 37°C and 5%
C0O,/95% air in a humidified chamber. Human Brain Pericytes
(HBP; 3H Biomedical) were cultured on culture dishes in Pericyte
Medium (PM; 3H Biomedical) at 37°C and 5% CO,/95% air in a
humidified chamber. Cell lines were not authenticated after
purchase (B16, T241) or after transfer from other laboratories
(GL261) but were routinely tested negative for mycoplasma using
the Mycoplasma Detection Kit (Lonza).

Mice

CD93 "/~ C57Bl/6 mice (13) were bred in house. C57B1/6 wild-
type mice were purchased from Taconic M&B. All animal work
was performed according to the guidelines for animal experimen-
tation and welfare provided by Uppsala University and approved
by the Uppsala County regional ethics committee.

Tumor studies

GL261 glioma cells expressing luciferase were orthotopically
injected in the brain of CD93~/~ and wild-type C57BI/6 mice, and
tumor development was monitored by bioluminescence imaging
as described in Supplementary Materials and Methods.

For the survival study, mice were sacrificed by cervical dislo-
cation when they showed more than 10% weight loss, and brains
were excised, snap-frozen on isopentane/dry ice, and stored at
—80°C for further analysis.

To study vascular perfusion, mice were injected with 100 uL
of 1 mg/mL FITC-labeled or biotin-labeled lycopersicon esculen-
tum lectin (Vector Laboratories) in the tail vein or the orbital
plexus at days 21 to 24. The lectin was allowed to circulate for 10
to 30 minutes, after which the mice were perfused with PBS
followed by 4% PFA through the heart under isoflurane or
ketamine/xylazine anesthesia. The brains were excised, fixed in
4% PFA for 2 hours, and either dehydrated in 30% sucrose/PBS
overnight, embedded in OCT Cryomount (Histolabs), and snap-
frozen on isopentane/dry ice for cryosectioning, or directly used
for sectioning on a vibratome.

CD93 7/~ and wild-type C57Bl/6 mice were subcutaneously
injected in the right flank with 100,000 B16.F10 or 500,000 T241
cells in 100 puL phosphate-buffered saline under anesthesia by
inhalation of isoflurane/O,. Tumors were measured by calipers,
and the volume was calculated according to the formula: tumor
volume = 0.52 x length x width?. At day 15 (B16.F10) or day 20
(T241), mice were sacrificed by cervical dislocation and tumors
were excised. The wet weight was determined and tumors were
snap-frozen on isopentane/dry ice and stored at —80°C.

siRNA transfections

HDMEC were incubated with scrambled control siRNA or
siRNA to CD93 (Hs_CD93_1 and Hs_C1QR1_5; FlexiTube; Qia-
gen) at a concentration of 2 nmol/Lin a mixture of 20% OptiMem
(Life Technologies) in endothelial cell medium supplemented
with 30 uL/mL RNAIMAX lipofectamine (Life Technologies) for 4
to 6 hours, after which the medium was replaced with fresh
medium. Experiments were performed at days 2 to 3 after siRNA
transfection.

Lentivirus construction, production, and HDMEC infection

cDNA sequences for human CD93 (WT-CD93) and CD93 with
a 5 amino acid (606-610) deletion (CD93-Cyto5Aa, reported
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CD93-Cyto5Aa, lacking the reported moesin binding site)
were designed, and mutant HDMEC were obtained as described
in Supplementary Material and Methods.

Tube formation assay

siRNA-transfected HDMEC were seeded onto a three-dimen-
sional (3D) collagen-1 gel and stimulated with 50 ng/mL VEGF
for 24 hours as described (19). The resulting tubes were fixed in
ZincFix, stained with Texas Red-labeled phalloidin (Life Tech-
nologies), and analyzed by confocal microscopy. The total phal-
loidin-positive tube area was quantified using ImageJ and nor-
malized to the number of Hoechst-positive nuclei.

dsRed-transfected HDMEC were transfected with scrambled
siRNA and mixed in a tube formation assay with unlabeled cells
that were transfected with siRNA to CD93, and vice versa. Tubes
were visualized by staining with Alexa Fluor 647-labeled phal-
loidin and analyzed by confocal microscopy. The ability of
HDMEC to form luminized tube-like structures was assessed as
previously described (20). See Supplementary Materials and
Methods.

Proliferation and apoptosis

Proliferation of siRNA-transfected HDMEC cultured in EBM and
HBP cultured in conditioned media derived from siRNA-trans-
fected HDMEC was assessed by cell counting during a time period
of 4 days. Apoptosis in siRNA-transfected HDMEC was assessed by
detection of cleaved caspase-3 activity using a colorimetric assay as
described in Supplementary Material and Methods.

Migration assay

Confluent siRNA-transfected HDMEC were serum starved in
EBM with 1% FCS. Scrape wounds were produced on the cell
monolayer, and wound repair was analyzed under x150 magni-
fication (PlanApo S 1.0x objective) up to 8 hours, using a stereo-
microscope (SteREO Discovery.V12; Zeiss) attached to a digital
camera (AxioCam; Zeiss). Alternatively, at 4 hours after wound-
ing, the cells were fixed for immunolabeling and confocal micros-
copy analysis as described in Supplementary Materials and
Methods.

Adhesion assay

siRNA-transfected HDMEC were seeded out in EBM supple-
mented with 0.2% BSA at 10,000 cells per well in a gelatin-coated
96-well plate. After 30 minutes, the wells were washed with PBS to
remove nonadherent cells, and the number of adhering cells was
quantified using the CyQUANT-GR cell quantification Kit (Life
Technologies). Fluorescence with an excitation at 480 nm and
emission at 520 nm was measured using a Wallac Victor fluores-
cence plate reader. Alternatively, at 30 minutes after seeding, cells
were fixed with 4% PFA for immunolabeling and confocal
microscopy.

Western blot and coimmunoprecipitation

Protein level of CD93 and moesin was assessed by Western
blot, and coimmunoprecipitation for CD93 was performed with
the Pierce co-immunoprecipitation Kit (Thermo Scientific) as
described in Supplementary Materials and Methods.

RNA extraction and qPCR

RNA from siRNA-treated endothelial cells in vitro was extracted
using the RNeasy Plus Mini Kit (Qiagen). Total RNA was tran-
scribed using Superscript I1I reverse transcriptase in a 20-uL total

4506 Cancer Res; 75(21) November 1, 2015

volume containing 250 ng of random hexamers and 40 units of
RNAse OUT inhibitor (all from Life Technologies). mRNA expres-
sion of CD93 was quantified relative to the house keeping gene
HPRT by real-time PCR in duplicate reactions per sample with
0.25 umol/L forward and reverse primer in SYBR Green PCR
Master Mix (Life Technologies).

Immunofluorescent staining of HDMEC

siRNA-transfected HDMEC were immunofluorescently stained
for Golgin-97 to visualize the Golgi complex and for VE-Cadherin
to visualize the cell-cell junctions as described in Supplementary
Materials and Methods.

Immunofluorescent and immunohistochemical staining of
tumor sections

Cryosections and vibratome sections from GL261 gliomas and
T241 fibrosarcomas were immunofluorescently stained for CD31,
CD45, CD93, podocalyxin, cleaved caspase-3, GLUT-1, and Col-
lagen IV and immunohistochemically stained for CD93 as
described in Supplementary Materials and Methods.

Statistical analysis

Statistical significance of the observed differences was
addressed by statistical tests using GraphPad Prism V6.01 (Graph-
Pad Software).

Survival curves were plotted according to the Kaplan-Meier
method (product-limit method), and the log-rank probability test
(Mantel-Cox) estimated the prognostic value of the CD93 expres-
sion in the univariate analysis. The Cox proportional hazard model
was used to calculate the impact of CD93 expression in the multi-
variate analysis of high-grade gliomas together with established
prognostic factors (malignancy grade, patient age, extent of tumor
resection, and postoperative therapy). The level for confounders
to be removed from the model when adjusted for variables already
in the model (p-to-remove) was set to >0.1. Natural logarithm (In)
cumulative hazard plots were made to confirm the assumption
of the proportional hazard functions. The significant prognostic
factors in the stepwise model were also analyzed as products to
minimize the possibility of interaction. JMP, version 10.0 (SAS
Institute Inc.) was used for statistical analysis.

Results

Vascular expression of CD93 correlates to tumor grade in
human glioma

We previously demonstrated that high vascular density, vascu-
lar abnormalization, and formation of glomeruloid microvascu-
lar proliferations are characteristic features of grade IV glioma, and
that these aberrant vessels produce high levels of CD93 mRNA
and protein (7). In order to extend our analysis of CD93 protein
expression in tumor vessels in a larger material, we scored the
fraction of blood vessels staining positive for CD93 in several
tumor tissue microarrays that contained a total of 235 biopsies of
human control brain and grade II, grade III, and grade IV glioma
tissues of various histologic subtypes. This demonstrated that in
73% of the grade IV glioma samples, the majority of the blood
vessels stained positive for CD93 (Fig. 1A and B). The fraction of
CD93-positive vessels was significantly lower in respectively grade
IIT and grade II glioma, and even further reduced in control
brain samples, where 33% did not display any CD93 staining in
the vasculature at all. Staining of larger sections of human
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Figure 1.

CD93 expression was increased in high-grade human glioma vasculature. Immunohistochemical staining of CD93 expression (A) and semiquantitative
scoring of the fraction of positive blood vessels (B) in human glioma tissue microarrays. In a total of 235 human glioma and nonmalignant control

brain biopsies, the frequency of positively staining vessels was scored on a scale from O to 2 (0, no vessels stained; 1, minority of vessels stained; 2, majority of
vessels stained). Results were averaged and plotted as percentage of samples per score in nonmalignant control brain (9 biopsies), grade Il (82 biopsies),
grade Ill (54 biopsies), and grade IV samples (90 biopsies; *, P < 0.0001; Kruskal-Wallis test with Dunne posttest). C, CD93 distribution in grade IV glioma
vasculature. The lower magnification image shows no gross difference in CD93 distribution within the tumor area. Dotted line represents the migrating

front of tumor cells.

glioblastoma tissue revealed that CD93-positive vessels were
present both within the core and the invading front of the tumor
(Fig. 1C). As demonstrated in Supplementary Table S1, the
fraction of CD93-positive vessels was slightly higher in ependy-
moma compared with oligoastrocytoma and oligodendroglioma,
whereas the largest CD93 positivity was found in gliosarcoma and
glioblastoma.

CDY3 deficiency impairs GL261 glioma and T241 fibrosarcoma
growth in female mice

To investigate the role of CD93 in glioma growth, we employed
the murine GL261 glioma model implanted orthotopically in the
mouse brain. We first checked the expression pattern of CD93 in
GL261 glioma by immunohistochemical and immunofluores-
cent staining. This revealed that CD93 was mainly expressed in the
vasculature of the GL261 glioma, and that CD93 staining was
more intense in the tumor vessels than in the vasculature of the
surrounding brain (Fig. 2A). Moreover, the GL261 glioma vessels
displayed an abnormal phenotype of malformed vessels, similar
to that found in human glioblastoma (Fig. 1A). Immunofluores-
cent costaining with CD31 and CD45 demonstrated that CD93
was highly expressed by the vasculature and not detected in
infiltrating leukocytes or GL261 tumor cells (Fig. 2B and C). No
CDY3 staining was detected in GL261 tumors in CD93 /™ mice
(Fig. 2D-F).

We implanted GL261 cells expressing luciferase stereotactically
in the brains of female CD93-deficient and wild-type mice, and
performed bioluminescence imaging to measure tumor volume at
different days after tumor cell inoculation. Although the glioma
growth curves appeared to have a similar slope, the brain tumors
of CD93 /™ mice reached a measurable size (>100,000 biolumi-
nescence units) on average 11 days later than the brain tumors of
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wild-type mice (Fig. 2G and H). This was associated with a
significantly longer survival after tumor cell injection in CD93-
deficient mice compared with wild-type mice (Fig. 2I).

To analyze whether CD93 deficiency affects growth of other
tumor types as well, we employed the subcutaneously growing
T241 fibrosarcoma and B16.F10 melanoma models. We found
that T241 growth was significantly reduced in female CD93-
deficient mice compared with wild-type mice (Fig. 2J). This was
confirmed by the differences in weight of the tumors taken at
day 20 after tumor cell injections (Fig. 2K). In contrast, B16
melanoma tumors grew equally well in CD93~/~ and wild-type
mice (Supplementary Fig. S1A and S1B). Interestingly, in male
CD93~/~ mice, we did not detect any difference in tumor
growth in either the GL261 or the T241 tumor model (Sup-
plementary Fig. S1C-S1E).

Knockdown of CD93 inhibits formation of tube-like structures
in vitro

To investigate the role of CD93 in endothelial cell biology, we
used RNA interference to knock down its expression in HDMEC in
vitro. Transfection of HDMEC with siRNA to CD93 reduced its
mRNA expression by 95% to 99%, which resulted in an efficient
downregulation of CD93 protein that persisted for at least 3 days
(Fig. 3A).

We first investigated if CD93 has a role in endothelial cell
proliferation or survival, and found that siRNA-mediated knock-
down of CD93 did not affect the proliferation rate or apoptosis
of HDMEC (Supplementary Fig. S2A and S2B). Because we
previously showed that CD93 mRNA is upregulated when
HDMEC form tube-like structures on a 3D collagen gel in
response to VEGF (7), we next investigated how siRNA-mediated
knockdown of CD93 affects the formation of these tubes. While

Cancer Res; 75(21) November 1, 2015

4507


http://cancerres.aacrjournals.org/

Published OnlineFirst September 11, 2015; DOI: 10.1158/0008-5472.CAN-14-3636

Langenkamp et al.

Wild-type

CD93ko

G H |
,‘-é-‘ 6.0<10° -0 WT @ 404 .
3 =e= CD93ko 8 — 100 — ;
g o L] i 1
% 2 304 [ 1] =i CD93ko =
‘5 4.0-10°4 © — — 754 -
% 4,010 § s 1
S & 204 00 . g
. o £ 504
o 5 I g
E 2.0::10% £ oo @
® 2 105 254
2 f=)
o o
ﬁ 0On E 0 0
0 5 10 15 20 25 30 35 e WT CD93ko 0 5 10 15 20 25 30 35 4
Time (days) Time (days)
T241
J K
1,2009-0- wr 2.09 o
— == (CD93ko p—
“"E 1,000
£ o 1.5
~ 8004 by o
g S o
3 6004 $104 &
> = -]
5 4005 g g
E S 0.5
P 200 o o -
%go o ®
04 0.0 - v
0 4 8 12 16 20 wT CD93ko

Time (days)

Figure 2.

CD93 deficiency delayed GL261glioma outgrowth in female mice. A-C, CD93 is prominently expressed in the abnormal blood vessels of GL261glioma, yet less intense in
the vasculature of the surrounding brain (A; immunohistochemical staining of CD93), and not in the tumor-infiltrating leukocytes (B and C; immunofluorescent
costaining of CD93 with CD31 and CD45). D-F, validation of CD93 antibody specificity in GL261 glioma grown in €D93 /" mice. Immunohistochemical staining

of CD93 (D). Immunofluorescent costaining of CD93 with CD31 and CD45 in CD93~/~ mice (E-F). G-I, GL261 growth in CD93 /" and wild-type (wt) female
C57BI/6 mice. G, bioluminescence-based quantification of tumor size (mean + SD, n = 7 for wild-type and n = 5 for CD93ko; this includes two wild-type mice
and one CD93 ™/~ mouse without tumor take). H, values depict the number of days after which the tumor reached a luminescence intensity >100,000 units

and became visible in the IVIS imager, calculated from the day of injection. (Continued on the following page.)
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control-transfected cells formed a network of tube-like structures
in the collagen gel after 24 hours of stimulation with VEGF, cells
that were transfected with siRNA to CD93 lost the capacity to form
contacts with neighboring cells and establish tubes (Fig. 3C-F).
Quantification of the total area of the tubular network, normal-
ized to cell number, revealed that CD93 knockdown significantly
impaired tube formation by HDMEC (Fig. 3B).

Because the efficiency of tubular network formation is also
influenced by the density of the cells, we accounted for differences
in cell number by mixing control-transfected dsRed-labeled
HDMEC on a 1:1 and a 1:2 ratio with unlabeled HDMEC that
were transfected with siRNA to CD93. Phalloidin labeling to
visualize the unlabeled cells (Fig. 3G; depicted in green) revealed
that only the dsRed-labeled control cells were able to participate
in the network of tube-forming cells, whereas unlabeled cells in
which CD93 expression was knocked down did not take part in
formation of these structures. When the reverse experiment was
performed, only the unlabeled HDMEC with normal levels of
CD93 took part in the formation of tube-like structures (Fig. 3H).
Through dispersion of endothelial cells within a collagen gel, we
found that although endothelial cells failed to make long tubular
networks after CD93 knockdown, the short tube-like structures
that formed contained lumens (Fig. 31-P). This suggests that
CD93 contributes to angiogenesis by promoting tubular mor-
phogenesis, but that CD93 is dispensable for lumen formation.

Knockdown of CD93 inhibits endothelial cell adhesion and
migration in vitro

The process of tubular morphogenesis requires cells to adhere
to the extracellular matrix, migrate, and to establish cell-cell
contacts with one another. To investigate which of these aspects
are controlled by CD93, we first studied whether CD93 knock-
down affects the migratory capacity of HDMEC in a scratch assay.
Although control-transfected HDMEC had covered around 80%
of the wound area at 8 hours after the scratch, HDMEC transfected
with CD93 siRNA had covered only around 56% of the wound
area, showing that CD93 knockdown inhibits HDMEC migration
(Fig. 4A and B). To determine if the inhibition of migration upon
CD93 knockdown was related to defects in cytoskeletal rearrange-
ment, we stained the migrating front in control and CD93 siRNA-
treated cells with an antibody recognizing golgin-97 to visualize
the Golgi. The orientation of the Golgi in relation to the direction
of migration was analyzed as a marker of correct cell polarization
(Supplementary Fig. S2C and S2D; ref. 21). We found that in
mock-transfected and control siRNA-transfected cells, the major-
ity of endothelial cells were correctly polarized, whereas CD93
knockdown resulted in a significant increase in the number of
nonpolarized cells and a disorganized leading edge of the migrat-
ing front (Fig. 4C-G).

We then tested whether CD93 knockdown affects endothelial
cells adhesion to a gelatin-coated surface. Immunofluorescent
staining of cells 30 minutes after seeding revealed that knockdown
of CD93 resulted in markedly diminished spreading of endothe-
lial cells (Fig. 4H-K). Consistent with this, CD93 knockdown

CD93 Regulates Angiogenesis in Glioblastoma

significantly reduced the number of adherent cells (Fig. 4L). As the
intracellular domain of CD93 has been demonstrated to bind to
moesin, a member of the ezrin/radixin/moesin (ERM) family of
proteins that interact with cytoskeletal actin (22), we investigated
how knockdown of CD93 affects the organization of the cyto-
skeleton by immunofluorescently labeling cells with phalloidin.
While the control cells formed a regular monolayer, the cells in
which CD93 was knocked down displayed strong stress fiber
formation and formed only limited contacts with one another
(Fig. 5A-H). Immunofluorescent staining of VE-cadherin con-
firmed striking defects in adherens junction formation after CD93
knockdown (Fig. 51-P). The formation of interendothelial junc-
tions was restored by lentiviral transfection with a wild-type CD93
construct, but not by transfection with a mutant CD93 construct
lacking the reported moesin-bindingsite (Cyto 5Aa CD93). This is
consistent with a role for CD93 in controlling cytoskeletal orga-
nization at least partially through interaction with moesin (Sup-
plementary Fig. S2E-S2S).

Perfusion of glioma vasculature is reduced in CD93-deficient
mice

To determine what underlies the decreased tumor growth in
CD93~/~ mice, we analyzed necrosis, hypoxia, and apoptosis of
tumor cells in T241 and GL261 tumors. Decreased necrosis was
found in GL261 tumors, but not in T24 1 tumors, in CD93~/~ mice
compared with wild-type mice, which correlated to the smaller
tumor size (Supplementary Fig. S3A-S3H). We noted a trend
toward increased hypoxia, as assessed by GLUT-1 staining, in both
T241 and GL261 tumors while enhanced apoptosis was found only
in T241 tumors in CD93 /™ mice (Supplementary Fig. $31-S3T).

Because our data suggest a role for CD93 in tubulomorphogen-
esis, we investigated whether CD93 deficiency affected tumor
angiogenesis in GL261 tumors. Enlarged vessels with an abnor-
mal morphology were found in GL261 tumors of both wild-type
and CD937/~ mice, and no differences in vessel density or
vascular morphology were noted by stereological analysis of
vessel area and diameter in GL261 glioma (Fig. 6A-C; Supple-
mentary Fig. S4B and S4C), nor in T241 fibrosarcoma (Supple-
mentary Fig. S4A). Similarly, T241 and GL261 tumor vessels in
CD937/~ and wild-type mice were equally covered by desmin-
positive pericyte (Supplementary Fig. S4H-M). Consistent with
this, endothelial-derived soluble CD93 did not affect in vitro
pericyte proliferation (Supplementary Fig. S4F-S4G).

Because CD93 knockdown affected endothelial polarization
with respect to the direction of migration (Fig. 4C-G), we ana-
lyzed polarization of tumor vessels by staining for podycalyxin
(luminal marker) in combination with collagen IV (basement
membrane). We found that while vessels in T241 tumors were
correctly polarized in both CD93 7/~ and wild-type mice, GL261
tumor vessels were structurally abnormal and the polarization
was at least partially disrupted in both genotypes (Supple-
mentary Fig. S5A-S50). Interestingly, through staining for
endogenous IgG, we found a striking increase in vascular perme-
ability in GL261 tumors from CD93~/~ mice (Fig. 6D-F).

(Continued.) Each value corresponds to one mouse (*, P < 0.05, Mann-Whitney U test). |, Kaplan-Meier survival curve of mice injected with GL261 glioma cells;

mice were sacrificed when they suffered from more than 15% loss of body weight, relative to the body weight at the start of the experiment (*, P < 0.05, n = 10-13,
Gehan-Breslow-Wilcoxon test). J and K, tumor volumes (J; mean 4= SD, n = 15) and endpoint weight (K; mean) of T241fibrosarcoma growing subcutaneously in the right
flank of female CD93~~ and wild-type mice. Tumor sizes were measured by calipers every 2 to 3 days, and tumor weights were determined at day 20 (****, P< 0.0001,

Mann-Whitney U test).
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Figure 3.

CD93 knockdown impaired tube formation of HDMEC. A, the expression of CD93 in HDMEC was efficiently inhibited by RNA interference. Values depict fold
change in CD93 mRNA expression relative to HPRT as a housekeeping gene (mean + SD), and bands depict CD93 protein and actin as a housekeeping gene at
1and 3 days after siRNA transfection. B-F, HDMEC transfected with siRNA to CD93 and control-transfected cells were allowed to form tube-like structures

on a 3D collagen gel under VEGF stimulation for 24 hours, fixed, and stained with phalloidin. Total tubular area was quantified and adjusted to the number of
Hoechst-positive nuclei to account for differences in cell number (B; each value depicts the mean of 3 to 4 wells in a separate experiment; *, P < 0.05,
one-way ANOVA with Bonferroni correction for multiple comparisons). G and H, in a separate experiment, dsRed-labeled HDMEC were transfected with control
siRNA and mixed in a tube formation assay with unlabeled cells that were transfected with siRNA to CD93. (Continued on the following page.)
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Perfusion of glioma-bearing mice with lycopersicon esculentum
(tomato) lectin revealed that the percentage of vessels that were
perfused was significantly reduced in CD93~/~ male and female
mice (Fig. 6G and H). Important to note is that even vessels
that showed only small traces of lectin-positivity (Fig. 6L-N)
were considered as perfused in the quantification. These vessels
constituted the majority of perfused blood vessels in CD937/~
mice and created a strong contrast with the well-perfused
vessels in wild-type mice that showed the presence of FITC-lectin
along the whole vascular lining (Fig. 61-K). These data demon-
strate that CD93 promotes formation of functional vasculature
in mouse glioma.

Tumor vascular expression of CD93 is indicative of poor
survival for patients with high-grade astrocytic gliomas

Due to the difference in glioma growth and tumor vascular
perfusion between CD93 ™/~ and wild-type mice and the striking
effects of CD93 knockdown on the endothelial cytoskeletal re-
arrangement, we analyzed if expression of CD93 in tumor vessels
correlated to survival. For this analysis, we included the high-grade
astrocytic tumors that were part of a previously described clinical
cohort (23). High-grade ependymomas, gliosarcomas, and ana-
plastic oligodendrogliomas were excluded from this analysis.
Patients were dichotomized into high or low vascular CD93-
expressing groups according to the averages of the CD93 staining
in the glioma tissue microarrays (Fig. 1; Supplementary Table S1).
The Kaplan-Meier survival curve revealed that patients with clear
CD93 expression in the majority of their tumor vasculature (CD93
score > 1.5) had a significantly shorter survival than patients that
expressed CD93 in the minority of vessels (CD93 score < 1.0;
Fig. 7, P = 0.0417, log-rank test). CD93 expression was identified
as an independent predictor of survival in the multivariate analysis
(P=0.0479, Cox proportional hazard), together with established
clinical prognostic factors for these tumors. Interestingly, while we
found a significant increase in CD34 area in tumors with a high
expression of CD93 (Fig. 7B), CD34 area per se did not correlate to
increased patient survival (P = 0.5006, Cox regression model).
This indicates that high CD93 expression and alteration of the
vascular phenotype are associated with poor survival in these
tumors, consistent with the proposed biologic role of CD93 in
the tumor vasculature of human gliomas.

Discussion

Extensive angiogenesis and markedly abnormal blood vessels
are a hallmark of grade IV glioma and the abnormal, malfunction-
ing vessels contribute to the severity of the disease. Previously, we
reported that these pathologically altered vessels in grade IV
glioma express high levels of CD93, a transmembrane protein
from the C-type superfamily of lectins with a calcium-dependent
carbohydrate-binding domain (7). CD93 was initially suggested
to play a role in angiogenesis due to its high expression in areas of

CD93 Regulates Angiogenesis in Glioblastoma

blood vessel remodeling in the developing vasculature of mouse
embryos (24). We now demonstrate that CD93 has a functional
role in modulating angiogenesis and vascular function in glioma,
and that high level of CD93 protein correlates with shorter
survival in patients with high-grade astrocytic gliomas.

In line with our initial finding on elevated CD93 expression in
glioblastoma vasculature, a subsequent study identified CD93 as
one of the top genes of a core human primary tumor angiogenesis
signature, highly expressed in head and neck squamous cell
carcinomas, breast cancers, and clear cell renal cell carcinomas
(7, 15). These studies are the first ones to report CD93 as a tumor
vascular marker. The other Group XIV members of the C-type
lectin superfamily, such as thrombomodulin and endosialin (also
known as tumor endothelial marker TEM1), have already in
earlier studies been reported to be highly expressed in malignant
tumor vasculature, including brain tumors (8, 25-27).

The high level of CD93 expression and its correlation with a
poor survival outcome in glioblastoma patients warrant studies
aimed at understanding the effect of CD93 on glioma develop-
ment. To this end, we employed the GL261 mouse glioma model,
which is an excellent model for our purpose, as its vascular
phenotype and CD93 expression pattern mimic that of human
glioblastoma. We showed that the absence of CD93 in female
mice leads to delayed outgrowth of GL261 glioma and improved
survival. This was associated with a strikingly increased perme-
ability and a reduced perfusion of the glioma vasculature in
CD9Y3-deficient mice. Together with our in vitro observations that
CD93 is essential for the establishment of endothelial cell-cell
and cell-matrix contacts, migration, and tubular morphogenesis,
these data suggest that CD93 promotes the formation of well-
functioning tumor vessels. Our observations furthermore suggest
that defects in interendothelial junctions and increased perme-
ability in the absence of CD93, rather than lack of lumen forma-
tion, underlie its effect on vascular perfusion. Our data are in line
with a recently published study by Orlandini and colleagues that
reported that a monoclonal antibody to CD93 is able to inhibit
the formation of vessel-like structures by HDMEC on Matrigel
in vitro and in vivo, suggesting that antibody targeting of CD93
may inhibit tumor angiogenesis (17). Similar to our studies,
the authors also showed that CD93 silencing by lentiviral-
mediated expression of a small hairpin RNA impairs human
endothelial cell migration and sprouting in vitro. However,
although Orlandini and colleagues demonstrated that
shRNA-mediated knockdown of CD93 inhibited proliferation
of HUVEC, we could not confirm that in our HDMEC. Alto-
gether, these data suggest that CD93 is a potential target for
antiangiogenic therapy for cancer.

It is not known whether the extracellular N-terminal domain of
CD93 binds to other molecules. Although CD93 was once
thought to be the receptor for complement component Clq
(10), more recent studies demonstrated that Clq-mediated
phagocytosis does not depend on CD93 (13) and that CD93

(Continued.) In addition, the reverse experiment was performed. Phalloidin Alexa 647 labeling (depicted in green) was used to visualize the unlabeled cells

as well. Only the control-transfected cells contributed to the formation of tube-like structures, whereas cells transfected with siRNA to CD93 did not take part in the
tube-forming network. I-P, formation of luminized tube-like structures by HDMEC. HDMEC transfected with siRNA to CD93 and control-transfected cells

were allowed to form tube-like structures on a 3D collagen gel under VEGF stimulation for 3 days, fixed and stained with 1% toluidin blue. The lower-magnification
pictures (I-L; x10 objective) show impaired tube-like structure formation upon CD93 knockdown (siCD93_1 and siCD93_5) compared with control cells

(Mock and siCtrl). The high-magnification pictures (M-P; x40 objective) demonstrate that both control and CD93 knockdown cells are able to form luminized tubular

structures (arrowheads).
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Figure 4.

CD93 knockdown impaired migration, polarization, and cell-matrix adhesion of HDMEC. A and B, migration of HDMEC in a scratch assay. Values represent
quantification of wound closure at different time points after the scratch (B; mean + SD of three separate experiments; *, P < 0.05, Student ¢ test). C-G,
immunofluorescent labeling with Golgin-97 (green) and phalloidin (red) of HDMEC in the migrating front of a scratch assay. Large arrows depict the direction
of migration. The number of polarized cells (closed arrowheads) and nonpolarized cells (open arrow heads) in the leading edge was counted and the
percentage of nonpolarized cells was calculated (G; mean + SD of three separate experiments; *, P< 0.05, Student ¢ test). H-L, adhesion of HDMEC to gelatin-coated
plates at 30 minutes after seeding. Immunofluorescent labeling with phalloidin (red) revealed a difference in cell spreading after CD93 knockdown. Quantification of
number of adhering cells (L; mean + SD of three separate experiments, 10 wells per condition; *, P < 0.05, one-way ANOVA with Bonferroni correction).
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Figure 5.
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D siCD93 5

{K sicp93_1

CD93 knockdown affected cytoskeletal organization and cell-cell junctions in HDMEC. A-H, immunofluorescent labeling of control-transfected HDMEC and HDMEC
transfected with siRNA to CD93 with phalloidin to visualize the actin cytoskeleton (green). Enlargements of the insets show an increase in actin stress fiber
formation. I-P, immunofluorescent labeling with VE-cadherin (green) and phalloidin (red) of control-transfected HDMEC and HDMEC transfected with siRNA to
CD93. The enlarged pictures show a clear inability of siCD93-transfected HDMEC to interact with neighboring cells.

does not bind C1q (28, 29). The intracellular C-terminal domain
of CD93 interacts with moesin, a member of the ERM family of
proteins that can link CD93 to the cytoskeleton. Such linkage of
transmembrane proteins to cytoskeletal actin has been shown to
contribute to a redistribution of the actin cytoskeleton that is
essential for migration and adhesion (30). This could explain the
reduction in cell migration and adhesion, and the abnormal
cytoskeletal phenotype in endothelial cells upon CD93 knock-
down. Similarly, another Group XIV member of the C-type lectin
superfamily, thrombomodulin, controls morphology and migra-
tion of epithelial cells via the ERM protein ezrin (31). The linkage
of CDI3 to the actin cytoskeleton is also essential for its previously
described role in phagocytosis (22, 32). Previous studies have
pointed to a role for CD93 in leukocyte infiltration in various

www.aacrjournals.org
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inflammatory models (33, 34). However, we did not detect any
difference in leukocyte infiltration into GL261 and T241 tumors
between CD93-deficient and wild-type mice (Supplementary Fig.
S$4D and S4E). This suggests that CD93-expressing leukocytes do
not affect GL261 progression, consistent with CD93 being
expressed exclusively by tumor vessels in this model.

An interesting observation is that the absence of CD93
delayed tumor growth only in female mice, both in GL261
gliomas and T241 fibrosarcomas. As CD93 is mainly vascular-
expressed, this points to a sex difference either in the vascula-
ture or in tumor growth in these mouse models. Sex hormones
have been demonstrated to affect endothelial cell biology,
angiogenesis, blood vessel function, and the incidence and
pathology of cardiovascular diseases (35-37). Moreover, cancer
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Figure 6.

CD93 deficiency impaired vascular
perfusion in GL261 glioma. A and B,
immunofluorescent staining of GL261
glioma for CD31 revealed no gross
difference in vessel morphology,
images taken at x10 magnification.
C, quantification of CD31-positive
vascular surface area in GL261 glioma
(mean, n = 14-16, Mann-Whitney U
test and Student ¢ test revealed no
statistically significant difference).

D and E, immunofluorescent staining
of GL261 glioma for endogenous 1gG
revealed increased tumor vascular
permeability in CD93 ™/~ mice
compared with wild-type (wt) mice.
Scale bar, 500 um. F, quantification of
endogenous IgG relative to total
tumor area in wild-type and CD93
mice (mean, n = 3-4, Student ¢ test).
G-N, GL261 glioma-bearing male (G)
and female (H) mice were perfused
with respectively FITC-labeled or
biotin-labeled lycopersicon
esculentum (tomato) lectin. Brain
tumor cryosections or vibratome
sections were immunofluorescently
stained for CD31 to visualize the
vasculature, and the number of
perfused vessels was quantified and
expressed as a percentage of total
vessel number (G and H; n = 3-7, 5
representative images were analyzed
per mouse; *, P < 0.05; **, P < 0.01,
Student ¢ test). Blood vessels were
considered perfused even when small
traces of lectin were visible. The blood
vessel of the CD93~/~ mouse in the
graph is therefore counted as positive
in the quantification (I-N). Yet, the
presence of FITC-lectin was limited to
only certain spots in the majority of
perfused vessels in cD93 /" mice,
whereas FITC-lectin perfusion
covered the whole vascular lining in
blood vessels of wild-type mice.
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High vascular CD93 expression in human glioma correlated with poor survival.
A, Kaplan-Meier curves of high-grade glioma patients (grades Ill and IV) with
low vascular CD93 expression (average CD93 score of O or 1, n = 13)

or high vascular CD93 expression (average CD93 score of 1.5 or 2, n = 68).
Statistical analysis of survival rates was assessed by univariate (log-

rank test, P = 0.0471) and multivariate (Cox proportional hazards, P =
0.0479) models. B, correlation between vascularity and CD93 expression
in high-grade glioma (grade Il and grade 1V). The graph represents the
percentage of the CD34-positive area compared with CD93 expression
scoring (CD93 score, 0-Tand 1.5-2; n = 29,108; ***, P< 0.001, Mann-Whitney
U test and Student t test).

susceptibility is different between the two sexes for many types
of cancer (38), and glioblastomas are 40% more common in
men than in women (1, 39). Of note, however, is the obser-
vation that even though the absence of CD93 did not affect
tumor growth speed in male mice, it impaired perfusion of the
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glioma vasculature in male mice equally well as in female mice.
This suggests that CD93 controls vascular function both in
males and females. Among human glioma patients, CD93 was
expressed to an equal extent in tumor vessels of men and
women, and the correlation to poor survival was only signif-
icant when both men and women were included in the survival
analysis (Supplementary Fig. S6A-S6D).

Taken together, our data imply that CD93 is a key regulator
of glioma angiogenesis. Through the control of cell-cell and
cell-matrix adhesion, CD93 controls vessel architecture dur-
ing pathologic angiogenesis and promotes tumor progression
by enhancing the formation of well-functioning tumor vessels.
As the CD93 expression level correlates with survival of
patients with high-grade astrocytic gliomas, future studies
should focus on evaluating its potential as therapeutic target
for antiangiogenic therapy or as a biomarker for glioblastoma
progression.
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